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Multiple recombinant inbred lines, derived from crosses between strains
permissive to N-tropic murine leukemia viruses (Fv-ln) and strains permissive
to B-tropic murine leukemia viruses (Fvl b), have been characterized as to Fv-1
genotype and other chromosome 4 markers, including the closely linked hexose-
6-phosphate dehydrogenase isozyme locus (Gpd-1). Only one recombinant be-
tween Fv-1 and Gpd-1 was found among 45 lines tested. On this basis, the
distance between Fv-1 and Gpd-1 is estimated to be 0.6 centimorgans. None of
the lines was either resistant or susceptible to both N- and B-tropic viruses.
Nineteen other inbred strains, previously untested, were characterized as either
Fv-1 n or Fv-l b.

The Friend virus 1 locus (Fv-1) of mice is the
major genetic determinant of susceptibility to
infection by naturally occurring mouse-tropic
murine type C viruses in vivo and in vitro (13,
14, 16). A reciprocal relationship exists between
two types of mouse strains (types N and B) and
two host range variants of virus stocks (N-
tropic and B-tropic), such that type N mice (or
cell cultures) are permissive to infection by N-
tropic viruses and nonpermissive to infection by
B-tropic viruses, whereras type B mice (or cell
cultures) are permissive to infection by B-tropic
viruses and nonpermissive toward N-tropic vi-
ruses. Resistance is dominant: Fv-1 n/Fv-l b het-
erozygotes are nonpermissive to infection by
either N- or B-tropic viruses. The precise na-
ture of the Fv-1 restriction regarding multiplic-
ity of infection is the subject of contention (2,
10, 15, 21). The mechanism of the Fv-1 restric-
tion is also under study (7, 11, 17, 22).
The Fv-1 locus was found to be loosely linked

to the brown coat color locus (b) on chromosome
4 (19) and subsequently was shown to be closely
linked to the hexose-6-phosphate dehydrogen-
ase electrophoretic variant (Gpd-1) (20). We
have determined the Fv-1 and Gpd-1 types of
multiple recombinant inbred (RI) lines that
were derived by brother-sister mating begin-
ning with the F2 generations obtained by cross-
ing C57BL/6J (Fv-lb Gpd-1 a) with either DBA/
2J (25 lines), C3H/HeJ (14 lines), SJL/J (2
lines), or AKR/J (1 line) (each of the latter
strains carries the Fv-1n and Gpd-l b alleles).
These data confirm and further quantify the
linkage relationship between Fv-1 and Gpd-1.
They also afford an opportunity to detect recom-

binational events that could produce new geno-
types either resistant or susceptible to both N-
and B-tropic viruses. We have also typed 19
additional inbred strains with respect to Fv-1 to
further characterize the polymorphism.

MATERIALS AND METHODS
Mice. The BXD, BXH, and BXJ RI lines were

derived by B.A.T. from crosses of C57BL/6J with
DBA/2J, C3H/HeJ, and SJL/J, respectively. The
lines had attained an expected degree of genetic
fixation of 0.79 or greater when Fv-1 testing was
initiated. In instances in which a particular line was
evidently still segregating for Fv-1, the line was
retested in later generations. The miscellaneous
inbred strains tested for Fv-1 were obtained from
either Production or Research colonies of the Jack-
son Laboratory.

Cell cultures and viruses. Mouse embryo cultures
from the various RI lines were prepared from 14- to
17-day-old embryos as described previously (6). Two
embryos from each pregnant female were pooled to
establish cultures for Fv-1 testing. Cultures were
maintained in Eagle minimum essential medium
supplemented with 2 mM L-glutamine, 10% un-
heated fetal calf serum, penicillin (100 U/ml), and
streptomycin (100 ,ig/ml).
The murine leukemia viruses (MuLV) used were

from two sources. The N (AKR-MuLV no. 781)- and
B (BALB/c-MuLV no. 18831)-tropic viruses were
from R. Peters, Microbiological Associates, Inc.,
Walkersville, Md. In addition, the N (WN1802N)
and B (WN1802B) viral strains were kindly supplied
by Janet Hartley, National Institutes of Health,
Bethesda, Md. The viruses were passaged in vitro in
the permissive cell lines, and the plaque-forming
titer (PFU per milliliter) was determined by the XC
assay. Samples of virus ranging in titer from 1 x 105
to 5 x 105 PFU/ml were stored at -70°C.
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Fv-1 typing. Fv-1 typing was done using the stan-
dard UV-XC procedure (12, 14). Secondary cell cul-
tures, seeded at a density of 2 x 105 cells in 60-mm
Falcon dishes, were treated with DEAE-dextran (25
,ug/ml) for 1 h before virus infection. Duplicate cul-
tures were inoculated with N- and B-tropic MuLV's
at multiplicities of 10-1 through 10-4 PFU/ml. Plates
were UV irradiated at 4 to 5 days postinfection and
overlaid with 10" XC cells. Four days later the plates
were stained, and the plaques were counted micro-
scopically.

Other markers. Vertical starch gel electrophore-
sis of kidney homogenates was used to type the RI
lines for the hexose-6-phosphate dehydrogenase
(Gpd-1) polymorphism, according to the method of
Hutton and Coleman (9). Vertical polyacrylamide
gel electrophoresis (5% gel) of urine samples was

used to type the RI lines with respect to the major
urinary protein (Mup-1) polymorphism (4), using
the procedures described for serum prealbumin
(Pre) typing (24), except that electrophoresis time
was reduced to 1 h. The brown coat color locus (b)

provides an additional chromosome 4 locus in the
BXD RI lines.

RESULTS AND DISCUSSION
The patterns of inheritance of chromosome 4

markers in the BXD and BXH RI lines are

presented in Tables 1 and 2, respectively. All of

the RI lines are genetically fixed for all of the
loci. With respect to Fv-1, each line could be
clearly classified as either Fv-1/nFv-l n or Fv_1 b/
Fv_1b. The restricted virus (N- or B-tropic) was
subject to a 30- to 1,000-fold reduction in plaque-
forming efficiency in individual tests of RI
lines. No major shifts in restriction patterns
were observed that would suggest any genetic
alteration, such as intragenic or unequal cross-
ing-over involving Fv-1, or mutation. The Fv-1
and Gpd-1 loci were inherited concordantly in
all but a single case, confirming the close link-
age between these two loci. Line BXD-27 inher-
ited the Gpd-1 a allele of C57BL/6J and the Fv-
I" allele of DBA/2J. Eleven of 25 BXD RI lines
exhibit recombinant genotypes with respect to
b and Gpd-1, loci separated by approximately
30 centimorgans. Five of the 25 BXD RI lines
exhibit recombination between b and Mup-1,
loci that are separated by only 7 centimorgans
(3, 8).
Several miscellaneous RI lines are informa-

tive with respect to the Gpd-1-Fv-1 linkage
(Table 3). They are: BXJ-1, BXJ-2, LT/Re, HP/
Ei, and TSK/Le. None of these involves recom-
bination between Fv-1 and Gpd-1.

Forty-five lines derived by brother-sister in-

TABLE 1. Inheritance ofchromosome 4 markers Mup-1, b, Gpd-1, and Fv-1 in 25 BXD RI lines

Genotype' Crossovers

RI line (or progenitor strain) Num-
Mup-1 b Gpd-1 Fv-1 Region ber of

lines

(C57BL/6J); BXD-2, -4, -6, -11, B B B B None 8
-19, -20, -23, -29

(DBA/2J); BXD-1, -13, -21 D D D D None 3
BXD-28, -30 B D D D Mup-1-b 2
BXD-22 D B B B Mup-1-b 1
BXD-5, -8, -12, -14, -16, -18 B B D D b-(Gpd-1, Fv-1) 6
BXD-15, -24, -25 D D B B b-(Gpd-1, Fv-1) 3
BXD-9 B D B B Mup-1-b, b-(Gpd-1, Fv-1) 1
BXD-27 B D B D Mup-1-b, b-Gpd-1, Gpd- 1

1 -Fv-1

a Of the 16 genotypes possible only 8 were recovered among the 25 BXD RI lines. B and D are used as
generic symbols for alleles inherited from C57BL/6J and DBA/2J, respectively. BXD-4 is extinct.

TABLE 2. Inheritance of chromosome 4 markers Mup-1, Gpd-1, and Fv-1 in 14 BXH RI lines

Genotypea Crossovers

RI line (or progenitor strain) Numbers
Mup-1 Gpd-1 Fv-1 Region of lines

(C57BL/6J); BXH-5, -11, -14, -18 B B B None 4
(C3H/HeJ); BXH-6 H H H None 1
BXH-10, -19 B H H Mup-1-(Gpd-1, Fv-1) 2
BXH-2, -3, -4, -7, -8, -9, -12 H B B Mup-1 -(Gpd-1, Fv-1) 7

a Of the eight genotypes possible only four were recovered among the 14 BXH RI lines. B and H are used
as generic symbols for alleles inherited from C57BL/6J and C3H/HeJ, respectively. BXH-18 is genetically
extinct.
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breeding have been tested for potential recom-
bination between Fv-1 and Gpd-1. Multiple op-
portunities for recombination between linked
loci occur during the development of an RI
strain before the chance genetic fixation of one
or the other progenitor types that precludes
further recombinational opportunities. The
probability of fixation of a recombinant geno-
type (R) with respect to two loci that recombine
with a frequency r is 4r/1 + 6r (5). Equating 1/
45 for R, the estimate of r is 0.0057 + 0.0062
(24). This is consistent with Rowe and Sato's
(20) finding of a single recombinant among 107
backcross progeny. Table 4 shows the Fv-1 typ-
ing on 19 other inbred strains. These were
tested to further define the polymorphism and
to provide a basis for selection of one of these
strains for genetic studies of RNA tumor vi-
ruses. The distribution of Fv-1 alleles reflects

TABLE 3. Fv-1 and Gpd-1 types ofsome
miscellaneous RI lines

Genotype
RI line

Gpd-1 Fv-1

BXJ-1 b n
BXJ-2 b n
HP/Ei a b
LT/Re b b
SEA/Gn a n
TSK/Le a b

a The BXJ-1 and BXJ-2 RI lines were derived
from crossing C57BL/6J (Gpd-1 a Fv-lb) with SJL/J
(Gpd-1b Fv-1n). HP/Ei is an RI strain derived from
C57BL/6J and AKR/J (Gpd-1 b Fv-l n). LT/Re
and SEA/GnJ are RI strains derived from cross-
ing BALB/c (Fvl b Gpd-lb) with C58 (Fv-l n Gpd-la)
and P/J (Fv-1n Gpd-1a), respectively. TSK/Le is
an RI strain derived from crossing B1O.D2 (58N)/Sn
(Fv-lb Gpd-1a) with C3H/Di (Fv-1 n Gpd _1b).

known strain relationships (23). Among the
rarer, Fv- b-bearing, strains probably only
BDP/J and RIII/2J can be considered additional
independent occurrences of that allele, since
the other strains are known to be descended
from, or closely related to, other known Fvj1b
strains. The Fv-l b allele has not been reported
in wild mouse populations; the IS/CamEi,
Peru-Atteck, and SK/CamEi stocks (18), which
were derived from such populations, are N-
type.
Spontaneous XC plaques were seen in some

uninoculated control cultures. These cases pre-

sumably reflect the spontaneous expression of
endogenous MuLV genomes that are present in
many inbred strains. We plan to systematically
study the effect of the Fv-1 locus on the induc-
ibility of ecotropic MuLV in secondary embryo
cultures of the BXD RI lines.
As additional polymorphic markers are

mapped into the b-Gpd-1 region ofchromosome
4, using the BXD RI lines, it may be possible to
assign the correct gene order for Fv-1, Gpd-1,
and other markers. Other markers located on
both sides of Fv-1 would be useful for identify-
ing rare recombinants that could be used to
discriminate between the effects of Fv-1 and
other linked loci.
The structural locus for 6-phosphogluconate

dehydrogenase (Pdg) is closely linked to, but
recombines with, Gpd-1 (1). Since these two
enzymes are closely related metabolically, it
has been suggested that the genes specifying
these enzymes arose from a common ancestral
gene by tandem duplication. Other loci in this
vicinity, such as Fv-1, may have been dupli-
cated as well. Thus, one should be alert to the
possibility of other loci affecting viral parame-

ters being located near Fv-1.

TABLE 4. Fv-1 and Gpd-1 types of some previously untested inbred strains of micea

Fv-1 Gpd-1 Fv-1I Gpd lb Fv-1b Gpd-1" Fv lb Gpdlb

P/IJ BUB/BnJ BDP/J LG/J
Peru-Atteckb c CBA/CaJ C57BL/KsJ RIII/2J
PL/J C3HeB/FeJ PRO/Re SEC/1ReJ
SK/CamEic DBA/1J

IS/CamEic
LP/J
MA/J
NZB/BlNJ
SM/J

a The Gpd-1 types are taken from either the literature (18) or unpublished data (T. H. Roderick, personal
communication).

b Incompletely inbred.
c Derived from wild mice.
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